ABSTRACT: The use of water containing suspended sediments causes serious problems to irrigation systems. Choosing the right filtering system type and capacity is essential to avoid increases in operational and maintenance costs of irrigation resulting from the need for cleaning and frequent component replacing. Prefilters, such as the hydrocyclone, are important for their significant capability of retaining particles suspended in the water. Data on hydrocyclones performance for pre-filtering of irrigation water can be found in the literature, but research data in Brazil are scarce. Therefore, four Rietema type hydrocyclones (50 mm diameter) were constructed, one with circular-end and the other three presenting rectangular-end feeding tubes. The evaluation of hydrocyclones performance was conducted by using suspensions of fine sand and clay soil particles under varied pressure differentials. The comparison criteria were the discharge and the separation capability, given by total efficiency and reduced total efficiency. The hydrocyclone with circular-end feeding tube presented the highest indexes for the adopted criteria, considering sand and soil suspensions. Key words: filtration, cyclones, centrifugal separator
INTRODUCTION
Sediments present in the water usually reduce durability of irrigation system components such as pump rotors, feeding tubes and localized irrigation pipelines. Sedimentation basins and hydrocyclones can be used to reduce the size and costs of filtering systems (Keller & Bliesner, 1990) .
The hydrocyclones are an important class of equipments destined to separation of solid-liquid suspension phases (Souza et al., 2000) . An hydrocyclone consists of a conic end linked to a cylindrical body, in which there is a tangential entrance for the feeding suspension. The hydrocyclone has a tube in its upper part for the diluted suspension draining (overflow) and a hole in the under part for the concentrated suspension draining (underflow) (Figure 1 a) . The suspension is pumped through the feeding tube and when entering the hydrocyclone it is activated by a rotational, descendent movement and tends towards the drainage point of the underflow (Flintoff et al., 1987) as shown in Figure 1b .
When the feeding suspension is introduced into the hydrocyclone, a fraction of the liquid and the higher velocity (heavier) particles are discharged through the concentrated underflow drain. The remaining liquid and the lower velocity (lighter) particles are discharged throughout the diluted overflow drain (Silva, 1989) . Even though the hydrocyclone may not be separating by centrifugation, a certain amount of solids is removed with the concentrated in a rate that may be defined by the equation: ; Cv u -volumetric concentration of the concentrated suspension, non-dimensional; Cv -volumetric concentration of the feeding suspension, non-dimensional (Silva, 1989) .
The total or global efficiency is defined as the ratio between the concentrated suspension solid mass outflow and the feeding suspension solid mass outflow:
where: E T -total efficiency, non-dimensional; Ws -feeding suspension solid mass flow, M T -1
; Ws u -concentrated suspension solid mass flow, M T -1 . The reduced total efficiency is calculated by subtracting the "dead flow" contribution, thus resulting in the hydrocyclone actual performance, which has been calculated by the expression:
where: E' T -reduced total efficiency, non-dimensional; E T -total efficiency, non-dimensional; R L -liquid ratio, non-dimensional (Kelsall, 1953) . This work aimed to construct and evaluate four hydrocyclones with equal dimensions, but varying the form and dimension of the feeding tubes, operating with sand and soil suspensions, in order to obtain best performance parameters and efficiency on the removal of solid particles present in the water.
MATERIAL AND METHODS

Hydrocyclone assembly
Four 50 mm-diameter hydrocyclones were assembled for the experiment. Equipment dimensions followed recommendations of Rietema (1961) , differing only regarding the shape and dimensions of the feeding tube. The hydrocyclone with circular-end feeding tube, Hydrocyclone I, the first to be dimensioned, had 13.99 mm internal diameter. The other three hydrocyclones were assembled with rectangular-end feeding tubes with different shapes and sizes (Table 1) . For the circular-end feeding tube, the inflow rate established was equal to 2 m s -1 , and the outflow, defined by the continuity equation, was 0.31 L s -1 . Dimensions of the retangular-end feeding tube were calculated considering hydrocyclone pressure reduction of 50, 100 and 150 kPa, for hydrocyclones II, III and IV, respectively, using the continuity equation and an average discharge coefficient of convergent, conical-end feeding tube equal to 90% (Neves, 1979) .
The feeding tubes were assembled using 15-mm nominal diameter (ND), commercial copper tubes, and the rectangular-ends were molded with the correspondent dimensions (Table 1) 
Essay material
Fine sand and clayey-soil were used as sediment material (Kandiudalfic Eutrudox). After rinsing the fine sand, was sieved through a 1.19 mm screen to remove coarse particles. The soil was sieved through a 0.54 mm screen to remove small gravels. Density of sand and soil particles were determined by the Pycnometer (density bottle) method (Kiehl, 1979) , resulting in values of 2.65 g cm -³ and 2.70 g cm -³, for sand and soil, respectively. Soil fractions were also determined according to Kiehl (1979) , and the following values were found: 73.55% clay, 18.26% silt, and 8.19% sand.
Experimental workbench
The experiment was performed in a workbench, in closed circuit (Figure 2 ), pumping pressure of 340 kPa, and electrical motor with 1,470.60 W (2 HP) and 3,500 rpm. ).
4) Pressure sensor:
The pressure-differential in the hydrocyclone was evaluated by pressure plugs installed into the feeding tube and diluted suspension, using differential-transducer pressure sensors with capacity within the range of 0 to 700 kPa and 2.5% error for temperatures between 0 and 85 o C. When fed by a 5V c/c stabilized tension, the sensor emits analogical signals varying from 0.2 to 4.7V c/c, which are transformed in pressure readings. The pressure-transducer outputs were also linked to the digital analogical converser (DAC), allowing monitoring of the pressure reduction in the hydrocyclone.
5) Hydrocyclone:
Sampling sites were installed close to the hydrocyclone, in the feeding tube (a) and in the diluted suspension (b).
6) Submersible shaker:
Electrical motor, 1,102.90 W (1,5 HP) and 1,650 rpm, kept suspension homogeneous during samplings.
7) Microcomputer:
Equipped with the software Aquidados (Vilela et al., 2001) , to control the digital analogical converter by signals emitted through the computer parallel port. The software also controlled transmission of digital data to the CPU unity. Such information was processed and displayed in the video-monitor, at real time, and results were simultaneously stored in specific files, with respective reading date and time records.
Experimental procedures
Sand and soil suspensions were prepared by the addition of 20 kg of material, previously sieved, to 450 L of water, resulting in an initial sediments concentration of 44.44 g L -1
. 
(2) (a)
(1) Starting of system: The workbench system was set in motion by the motor-pump; the microcomputer, the flowmeter, the pressure-sensor and the submersible shaking were then turned on. The desired pressure reduction was adjusted by the software through a gate valve installed in the pump output. Pressure differentials were: 10, 20, 30, 40, 50, and 60 kPa, for the hydrocyclone I, operating with sand and soil suspensions; 20, 50, 100, and 150 kPa, for hydrocyclones II, III and IV, operating with soil suspension. After systems reached equilibrium, the temperature of the suspension was checked and data monitoring started. The liquid ratio (LR) was adjusted to 10% by the gate valve installed in the output of the concentrated suspension.
Data monitoring:
The reading interval and data registration period were adjusted to 60 s in the initial display screen, and then the reading key was entered. During the flow and pressure reduction data-collecting period, aliquot samples of the concentrated suspension were taken at 30 s intervals and weighed, to obtain the sample mass. When the flow and pressure differential readings were finished, the feeding suspension sampling started. This procedure was repeated for each pressure differential point sampled.
Concentration measurements:
The sample concentrations were determined using the gravimetric method. An aliquot sample (exact volume) was transferred to an aluminum recipient and oven dried at 110 o C for 24 hours. After evaporation, the residue was weighed for dry matter determination and expressed as g L -1
.
Analysis of particle size fraction:
The determination of sand and soil particle size fraction followed distinct procedures, since the replications of each sample were pooled, due to small quantity of solids collected, mainly from the feeding flow. Determination of the sand fraction was done by the sieve method and determination of the soil fraction, by the sedimentation method (Allen, 1990) . A kit of ten sieves, mesh 1, 000, 590, 500, 420, 297, 250, 149, 105, 74 , and 53 mm was used for the sand fraction analysis. The total amount of dry sand was weighed and three subsamples were taken; each subsample was set top the kit and sieved by shaking for 12 minutes. Sieves were then weighed to obtain the fraction mass (X), correspondent to each screen meshes.
For determination of the soil particle size fraction, the method used was based on the gravimetric sedimentation, and the variation on the sediment concentration of the collected samples at determined intervals, allowed to calculate the cumulative fraction, in a mass basis, lower than a certain diameter (d), determined by the Stoke´s law. The dried soil sample was weighed and transferred to a recipient with distilled water, let stand for 24 hours and stirred at 16,000 rpm for 20 minutes to disaggregate the particles. The suspension was then transferred to a 1,000-mL graduated cylinder, distilled water was added until completing the volume, and the suspension was manually stirred for 60 seconds, using a plain-disc. The sampling period was then started: 10-mL samples were taken, using a pipette plunged 10 cm into the suspension, after 10, 30, 60, 120, 180, 300, 600, 1,200, and 1,800 seconds. Samples were transferred to small vials and oven-dried at 110 o C for 24 hours. The dry residue was weighed in analytical balance to the nearest 0.0001 g, for the determination of mass fraction X lower than a certain Stokes diameter, using the Equation (4):
where: X -mass fraction lower than a certain diameter, non-dimensional; C -sample concentration collected at time t, M L
At the beginning of each essay, the suspension's temperature was monitored in the graduated cylinder. The correspondent Stokes' diameter was calculated by Equation (5), for each defined sampling period of time, and resulted approximately in 7, 8, 12, 17, 22, 27, 38, 54 , and 93 mm, respectively. 
RESULTS AND DISCUSSION
Hydrocyclones performance
Hydrocyclone I
Mean values on hydrocyclone I performance operating with sand and soil suspension are presented in Table 2 . The suspension sediment concentration varied with increasing pressure differential. It was not possible to keep the suspension homogeneous in the input flow to the centrifugal pump at the same time that the workbench dynamic conditions were altered, since the stirring velocity of submersible shaker was at the limit above which the suspension started to be ejected out of the reservoir. As no other shaker was available, the test took into account differences in suspension concentrations.
The feeding flow varied from 1,159.9 L h -1 to 2,603.6 L h -1 and from 1,160.9 L h -1 to 2,534.8 L h For the sand suspension essays, the highest indices of total reduced efficiency ET' were 94.45% and 96.62%, obtained for pressure differences of 10.80 kPa and 22.30 kPa, respectively; the lowest was 64.61% for a 62.70 kPa difference. For the soil suspension essays, ET' varied from 14.38% to 38.19% for pressure differences of 11.90 kPa and 43.50 kPa, respectively, decreasing to 31.94% for a 63.60 kPa pressure difference.
When operating with sand, hydrocyclone I had always higher total reduced efficiency ET' for similar pressure differences, as expected, due to the sand particle size characteristics. The average ET', for all the pressure differences, was 80.13% and 30.87% for the sand and soil tests, respectively. The hydrocyclone separation capacity depends on its size and geometry, particle size and geometry, solid concentration, inflow rate, liquid ratio and density difference between particles and fluid (Jacobs & Penney, 1987) . The highest sand suspension concentrations, for pressure differences higher than 22.30 kPa, had no effect on hydrocyclone performance. Even for higher feeding flows there was no gain in efficiency, what might be consequence of a greater turbulence into the hydrocyclone. For the soil suspension, the lower efficiencies obtained may be explained by the smaller particle sizes.
Hydrocyclones II, III and IV
Significantly lower feeding suspension concentrations in hydrocyclones II, III and IV were observed in comparison to those in hydrocyclone I, mainly for the pressure differences of 20 kPa and 50 kPa (Tables 3, 4 for hydrocyclones II, III and IV, respectively. The reduced total efficiencies obtained for hydrocyclones II, III and IV were similar to the hydrocyclone I, and the highest values were observed in the sand suspension test, with the following average mean values, for all pressure differentials: hydrocyclone II -52.99% and 21,45% for sand and soil suspension, respectively; hydrocyclone III -36.69% and 17.25% for sand and soil suspension, respectively; hydrocyclone IV -34.45% and 12.66% for sand and soil suspension, respectively.
Comparing the performance of the four hydrocyclones, using ET' as reference, and considering a common pressure differential of 50 kPa, decreasing flows were observed for the hydrocyclones II, III and IV of 51.04%, 73.92% and 78.38%, respectively, in relation to the hydrocyclone I. The flow reduction did not represent efficiency gains for these hydrocyclones, meaning that, at the same test conditions, the reduced total efficiency decreased 26.72%, 53.98% and 38.52% for the sand suspension, and 62.60%, 71.04% and 78.69% for the soil suspension, for hydrocyclones II, III and IV, respectively. Hydrocyclones III and IV showed feeding tube obstruction, what might be explained by the smaller feeding tube diameter (Table 1) . Table 2 -Average data of performance parameters of Hydrocyclone I operating with sand and soil suspension. 
Total efficiency
The reduced total efficiency excludes the "dead flow" effect present in the hydrocyclones, that is, there is a minimal separation efficiency because part of the feeding flow escapes the hydrocyclone by the concentrated duct. Such procedure allows performance analysis without taking into account the liquid ratio, which showed a variation among the tests in consequence of the particle Table 5 -Average data of performance parameters of Hydrocyclone IV operating with sand and soil suspension. separation by the centrifugal force. For practical purposes the main interest in the use of hydrocyclones as water prefiltering for irrigation, is the potential of removal of particles in suspension. Table 6 presents the average mean values for the total efficiency calculated from all the total efficiencies observed for each pressure differential used in the essays, and for the average pressure differential and the correspondent average feeding flow. Data in Table 6 represent the general behavior of each hydrocyclone, concerning separation potential power and the pressure differential necessary for best performance. In relation to the sand suspension tests, the highest efficiency value was obtained for the hydrocyclone I (82.02%), followed by lower values of 58.84%, 45.17%, and 41.95%, obtained for hydrocyclones II, III and IV, respectively. In the soil suspension tests, the highest efficiency was also obtained for the hydrocyclone I, with reduction 1/3 of the pressure differential. However, lower differences in efficiency with the other three hydrocyclones were observed. The increasing pressure differential in the rectangular-end feeding tube hydrocyclones did not result in increased efficiency, but in lowering flows with consequent decreasing centrifugal forces generated in them. This evidenced the lower power of separation of these hydrocyclones when compared to the circular-end feeding tube hydrocyclone.
Although the tests were done with a high solid concentration in the suspensions, the hydrocyclones showed high performance, especially the hydrocyclone I, what demonstrates their relevance to the pre-filtering of water to be used for irrigation. Data presented in Table 6 show that, 4,732.6 g of sand could enter the system through irrigation during 1-hour operation without the help of a hydrocyclone; when a hydrocyclone is in operation, only 137.7 g 34.4-fold less of sand would enter the system, considering a homogeneous suspension. In another words, the irrigation system operating with the hydrocyclone I would take 34.4 hours to release the same amount of sand than released by an irrigation system in 1-hour without the hydrocyclone I. Test analysis with soil suspensions. Shows that 23,630.8 g and 13,248.1 g (1.78-fold less soil sediment) would be released from the system without and with the use of hydrocyclone I, respectively. Table 6 -Mean values of total efficiency, pressure differential and feeding flow calculated from the results of all tests made with the hydrocyclones operating with the sand and soil suspensions.
ET-average total efficiency of all tests; P ∆ -average pressure differential of all tests; Q -feeding flow.
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